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Abstract 
 
Despite significant progress in the manufacturing of sheet metal ships carried both by optimizing the chemical compositions of steel mills 
as well as rolling and heat treatment, it still fails to remove the effects of persistent segregation. As a result we observed anisotropy of 
mechanical properties of the material which essentially complicates the process of construction for shipbuilding industry. Anisotropy of 
mechanical properties occurring in sheet metal hull is even more dangerous, that during their work, they are exposed to continuous 
exposure variable charges arising from sea surface waves. Another factor weakening the resistance to cracking metal ship is sea-water, 
which in the surface layer is highly aerated and very aggressive corrosion. The purpose of this study is to clarify the role of the segregation 
bands in the process of corrosion of low alloy steels used for ship hull. It was estimate a rate of corrosion in aerated sea water areas of the 
metal with or without segregation bands. After corrosion tests were made observations of specimens surfaces. Inside the segregation bands 
were found phosphorus. The contents of it were exceeded the average this element content in the steel. At the same time areas of the sheet 
metal with segregation bands were slowly corroded than areas without bands, although the changes of corrosion rate was similar in nature. 
Corrosion activity of  rich in phosphorus segregation band is similar to phosphate corrosion inhibitors. These are effective in the presence 
of chloride in seawater to form a protective layer that protects against corrosion segregation band. Under the observation on scanning 
electron microscope there was no change in the appearance of surface samples after corrosion tests. 
A future direction of research will be estimate the stress corrosion in the same species – with and without segregation bands. 
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1. Introduction 
 
The progress of technology necessitates the construction of 
ever larger and more specialized vessels, oil rigs and other marine 
structures which requires the application of economic, good 
welding properties and a sufficiently high strength low-alloy 
steels. Therefore, for many years observed the substitution of steel 
type 18G2A by the more modern steel N-A-XTRA and constantly 
DP (Dual Phase) in which high and stable properties include the 
effect of strengthening the structure with ultra-dispersion nitrides. 
Both steels exhibit good ductility, are easy for cold working and 
are well weldable. However, in thick sheets regardless of how 
they receive are related to the phenomenon of segregation 
heterogeneity of the crystallization process of steel. The variable 
concentration of alloying elements in the areas of segregation, 
beyond determines the differences in the characteristics of phase 
transformation of these areas. It causes the different structural 
components and the formation of fibrous structure - segregation 
band in steel sheet. 
Strength of fibrous materials depends on the strength of 
components, ie fibers and surrounding matrix. Uniformity along 
the fibers is higher than across them, therefore the mechanical 
properties along the fibers are better. As a result of segregation in ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 157-162  158 
the ingots after hot forming revealed fibrous structure described 
above with abbreviated name MMB (Macro-Micro Segregation 
Bands) [1]. 
The presence of band structure can lead to deterioration a 
number of properties such as tensile strength, yield strength, 
ductility and fracture toughness. Part of properties is particularly 
reduced when samples are tested in the transverse direction to the 
direction of bands. In particular, the existence of the, so-called, 
persistent segregation bands, ie, which even after the application 
of annealing treatments can not be remove, has affecting the final 
quality of steel products. This is due, among others, that, for 
example, heat-treated steel can not specify the proper 
austenitizing temperature based on the location of the reported 
temperature of Ac3 in the characteristics of the steel grade. The 
real location of the temperature for bands can be other then for 
areas between bands. From here differences are also getting down  
in the properties of steel quenched and tempered. Therefore are so 
diversified areas such as resistance to cracking (fatigue), which 
reduce the life of machine parts and construction. In the technical 
literature, there is no information about the influence of the 
segregation bands on the corrosion resistance of the surrounding 
matrix and the corrosion processes occurring on the border of 
fiber - matrix. 
2. Research Methods 
Research was conducted on sheets of thick 45 mm low-alloy 
steel type N-A-XTRA, S690QL grade (Table 1, 2). Due to the 
good weldability, this steel is often used in shipbuilding industry. 
Samples were plunged in the corrosion environment - sea water 
(3,5% NaCl solution in water), which they are exposed during the 
exploitation 
 
Table 1. 
The chemical composition of steel S690QL  
Mass chemical composition  [%] 
Symbol steel 
C Mn Si  P  S  Cu Cr Mo  Ni 
S690QL 0,20 0,93 0,39  0,008  0,006  0,26 0,58 0,23  0,
10 
 
Table 2. 
The results of the mechanical properties of steel S690QL  
KV [J/cm
2]  Rm 
[MPa] 
R02 
[MPa] 
A5 
[%]  HRC 
longitual transverse 
794 695  14,6  21  unbroken  88 
 
 
In the state of the delivery structure of fine-grained steel was 
ferritic-pearlitic with a small amount of nonmetallic inclusions 
(Fig. 1). 
 
 
Fig. 1. Microstructure of S690QL grade steel  
(3,5% HNO3, 100x) 
On the longitudinal samples no explicit primitive bands 
(Fig.1). It was revealed only after annealing the samples at   
a temperature of 900 ° C for 20 minutes and cooled with the 
furnace (Fig. 2, 3). 
 
 
Fig. 2. Microstructure of S690QL grade steel after annealing 
(3,5% HNO3, 15x) ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 157-162  159
In the axis of the sheet was observed wider than other bands, 
so-called, “middle” segregation band - Fig.2. On Fig.3 is shown  
the ferritic-pearlitic structure with clearly marked  thin strips of 
perlite, equally spaced along the sheet rolling direction. 
Microstructure of etched Oberhoffera reagent of metallographic 
specimen has allowed to reveal a bands with clear segregation of 
phosphorus, which, in accordance with literature data [2,3], is 
responsible for the formation of persistent segregation bands. This 
reagent digested areas with low concentrations of phosphorus. 
Phosphorus-rich grains remain clear (Fig. 4.5). 
 
 
 
 
Fig. 3. Microstructure of S690QL grade steel after annealing 
(3,5% HNO3, 200x) 
 
 
 
Fig. 4. Microstructure of  S690QL grade steel  
(Oberhoffer reag, 50x) 
 
 
Fig. 5. Microstructure of  S690QL grade steel-“ middle” 
segregation band ( Oberhoffer reag. 100x) 
 
Corrosion test specimens had dimensions of 60x10x2 mm.   
It were cut parallel to the sheet surface with the “middle” 
segregation band  and for comparative purposes, outside this 
band. The so-called “middle” segregation band was on the outer 
surface of the specimens. Its surface, after planimetry, occupied 
63.8% of the sample surfaces and the thickness of it was 1.12 mm 
(average size for 5 samples). Samples without the band were cut 
out of the “middle” segregation band, just directly below it.  
The samples were then immersed in a laboratory equivalent of 
sea water - 3.5% sodium chloride NaCl. Corrosive solution was 
purged with air. The measure of corrosion rate was the loss of 
mass of the sample per unit time. 
3. Test results 
Results of experiments and fractography of sample surfaces 
after corrosion tests are shown in Figure 6 – 9.  
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Fig. 6. Corrosion rate specimens H (steel S690QL,sheet gauge 45mm) 
 
   
Fig. 7. Characteristic macrophotography of spacimens  after corrosion test: a) without “middle” segregation band,  
b) with “middle” segregation  band 
 
 
 
Fig. 8. Surface of  S690QL grade steel after corrosion test, 
specimen without „middle”  band – pow. 100x 
 
Fig. 9. Surface of  S690QL grade steel after corrosion test, 
specimen with „middle” band – pow. 100x ARCHIVES of FOUNDRY ENGINEERING Volume 10, Special Issue 3/2010, 157-162  161
 
Fig. 10. Typical corrosion products on the sample surface without 
“middle” band  after corrosion test ( 1000x) 
 
 
Fig. 11. Typical corrosion products on the sample surface with “ 
middle” band after corrosion test ( 1000x) 
4. Discussion of the results  
The presence of persistent segregation bands and, especially,  
the “middle” segregation band in the middle of plate thick of 
S690QL steel caused  a large anisotropy of impact strength of 
samples cut from the middle band (toughness anisotropy of 40%). 
This was reflected in the appearance of fracture samples – Fig. 12. 
In the carbon and low-alloy steels strong influence on the 
formation of band structure is phosphorus. The reason is that the 
big difference between solidus and liquidus temperatures in the 
phase equilibrium diagram iron - phosphorus causes a  primary 
segregation bands. The relatively low diffusion rate of phosphorus 
in austenite  and ferrite is causing problems with its reduction. For 
this reason, it is difficult to obtain uniform distribution of 
phosphorus in steel. Phosphorus increases the temperature of the 
A3. Bands with  segregation of phosphorus during the cooling first 
transformed into the ferrite but carbon migrates to the bands that 
are not yet transformed (austenitic). 
Areas in which the transformation occurs at the end are 
enriched in carbon and therefore the transformation (temp..A1) in 
these bands created perlite with a minimum content of ferrite on 
the former austenite grain boundaries. Changes in the corrosion 
rate of samples with and without the “middle” segregation  band 
of S690QL steel has similar characteristic (Fig. 6). Initially, the 
rate of corrosion increased, then the samples corroded with a 
constant speed, and finaly it was observed release of corrosive 
processes. The highest rate of corrosion characterized  samples 
without the middle band (0.413 mm /year), while samples without  
bands corroded with rate of 0.386 mm /year. Such behavior of the 
samples in a corrosive environment can be explained by a high 
proportion of segregation bands in their volume. Less corrosion 
rate of samples with segregation bands is caused of increased 
content of phosphorus in them. This element is more than 4 times 
less active in the corrosive environment then  iron and thus, both 
dissolved in ferrite as well as in the form of isolated compounds 
(eg, poly or orthophosphates) slowing down the corrosion 
processes occurring in steels. In the latter case, the mechanism of 
action is similar to the action of inhibitors of phosphate in the 
presence of oxygen when it effectively inhibit corrosion overall in 
steels, even in the presence of significant amounts of chlorides 
[4].  However, observed on the Fig. 6 slower corrosion rate of 
both types of samples due to the creation on their surfaces sealed, 
well-adherent and insoluble corrosion product layers, which 
gradually restricted access to the corrosive environment of pure 
metal (Fig. 10, 11). As the Fig.7-11 show there were observed 
pitting corrosion. On the surfaces were observed shallow and deep 
pits. It was not possible distinguish the characteristic surface 
fractography for samples with and without segregation bands that 
would be characteristic for each of them. According to the 
technical literature information [5,6] we can expected that the 
heterogenity of the chemical composition of alloy surfaces are the 
main cause affecting the mechanism  of corrosion pits. In the 
initial stage of corrosion in the samples of the investigated low-
alloy steels formed pitting flat-wall not covered passive film. 
Then, over time, they would be smoothed out and rounded. As a 
result, followed by continuous exchange of electrolyte contained 
within the pin holes, which prevented his strong acidification and 
inhibited corrosion processes. 
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